ABSTRACT ßRecently, numerous research groups are actively studying the design of the flapping wing air vehicles (FWAV). The FWAV was inspired by flying birds and insects. The lift and thrust forces are simultaneously generated from the flapping motion. The FWAV design is classified into either a biomimetic design or a biomorphic design. First, the bird-mimicking FWAV, which has one pair of wings, is fabricated as a biomimetic design. The driving mechanism is simplified to implement the flapping motion in the vertical plane. Second, unconventional FWAVs, which are the X-type wing FWAV, two pairs of X-type wings FWAV and three pairs of X-type wings FWAV, are developed to improve the performance of the bird-mimicking FWAV. The X-type wing FWAV is developed as a biomorphic design. The two pairs of X-type wings FWAV and three pairs of X-type wings FWAV are developed as a combination of the biomimetic and biomorphic designs. Various flight tests are carried out and the performances of FWAVs are analyzed by measuring the thrust-to-weight ratio and the lift-to-weight ratio. The results indicate that the unconventional FWAV with an appropriate combination of biomimetic and biomorphic designs has superior performance to the bird-mimicking FWAVs with a biomimetic design.
INTRODUCTION
The concept of the micro air vehicle (MAV) was defined by the Defense Advanced Research Projects Agency (DARPA) [1] . The development of MAV is getting more and more attention due to the recent successes of MAV in both military and civilian application domains. Numerous MAV concepts have been proposed based on the fixed wing, rotary wing and flapping wing [2] . The primary objective of MAVs is the observation task in a narrow or dangerous space for humans. Abilities such as hovering flight, swift change of the flight direction and energy efficient flight are required for MAV. Therefore, MAV should be as light as possible, while having enough sensors, a camera, an actuator, a battery and so on. Large payloads are also required for the achievement of mission/goals in complex environments.
In the development of MAV, many researchers draw inspiration from the flapping wing system of insects and birds. The flapping wing system of insects and birds has evolved for an efficient flight. The thrust force and lift force are generated simultaneously by the flapping wing system. A flapping wing air vehicle (FWAV) imitates the flapping wing system. For the observation task, the FWAV is known to have a better performance than other MAVs with a fixed wing or a rotary wing [3] . The conventional FWAV with a pair of wings is similar to the bird. The small scale FWAV needs a dramatic change from the existing design paradigm to carry more payloads.
The designs of FWAV are often classified into either a biomimetic or a biomorphic design [4] . The biomimetic design mimics the structure and function of biological systems with complete fidelity. The biomorphic design is inspired by the principles of biological systems, but it is not a copy of the biological systems. In 1874, Alphonse Penaud produced a rubber-band powered ornithopter. Since then, most of the successful FWAVs have been a biomimetic design with a few exceptions.
Typical examples of the biomimetic design are the AeroVironment's Microbat [5] , Nano Hummingbird [6] , Festo's Smart Bird [7] , BionicOpter [8] , Robert J. Wood's RoboBee and so on. Their design philosophy was to take a functional rubber-band powered design, substitute an electrical actuator for the rubber-band and add a radio control system. The Microbat, which has two Lithiumpolymer batteries and a three channel radio, is inspired by the birds. The span length is 23 cm and the total weight is 14 g [5] . The Nano Hummingbird mimics the hummingbird. It has a mass of 19 g, a wingspan of 16.5 cm, and the ability to hover for several minutes [6] . The Smart Bird is an ornithopter modeled on the herring gull [7] . It has a mass of 450g and a wingspan of 1.96 meters. The BionicOpter looks like a dragonfly. It has a mass of 175 g, a wingspan of 70 cm, nine servo motors, a high performance microcontroller, sensors and wireless modules, and a battery [8] . Especially, it can fly in all directions in space and hover in mid-air just like a helicopter. The most remarkable example of a biomimetic design is the RoboBee of Havard Microrobotics Laboratory [9] . It has a mass of 80 mg and a wingspan of 3 cm. It can produce sufficient lift to take off vertically. However, both energy and control are provided by an electric wire from the ground.
FWAVs such as the RoboBee clearly demonstrate that biomimicry can lead to success, but a question is left whether or not there is a better way. For example, the X-type wing canard flapper, which was developed by Frank Kieser in 1985, set a new record for indoor free flight duration [10] . It did not look like a bird at all. The design approach of Frank Kieser can be regarded as a biomorphic design. Typical examples of the biomorphic design are DelFly Micro [11] and Platzer's biplane FMAV [12] . DelFly Micro is similar to the X-type wing canard flapper of Frank Kiser. It has a mass of 3.07 g, a wingspan of 10 cm and a camera. The biplane FWAV has a large fixed wing and a pair of trailing wings. The biplane pair of the trailing wings flaps and generates the thrust force. When comparing the actual bird with the bird-mimicking FWAV, the performance of the latter is degraded because it is impossible to perfectly imitate creatures such as birds, insects or fish. Therefore, an appropriate combination of the biomimetic and biomorphic designs is desired for the development of a new FWAV.
In this research, FWAVs of a new type are developed to carry more payloads. First, the birdmimicking FWAV, which has a pair of wings, is fabricated as a biomimetic design based on the characteristics of previously developed FWAVs. The principle of the fabrication is that only commercially available components with low cost are used. Unconventional FWAVs with an X-type wing are developed as a biomorphic design to improve the lift-to-weight ratio of the bird-mimicking FWAV. The unconventional FWAVs consist of a pair of X-type wings FWAV, two pairs of X-type wings FWAV and three pairs of X-type wings FWAV. The X-type wings flap in a counter phase. Two pairs of X-type wings are inspired from the concept of the dragonfly wing. The flight test is carried out and the performances of the unconventional FWAVs are analyzed by measuring the thrust-to-weight ratio and lift-to-weight ratio.
The logic for the current work may not be perfect because of the cost and the limitation of technical problems. For example, if a piezoelectric actuator and more light-weight components are used, an FWAV of high performance can be made for the hovering flight and the maneuverability flight. The work is tried logically as much as possible by using commercially available components to find an appropriate combination of biomimetic design and biomorphic design.
DEVELOPMENT OF BIRD-MIMICKING FLAPPING WING AIR VEHICLES
This research starts from the investigation of previously developed FWAVs that are inspired by birds. A bird-mimicking FWAV is fabricated based on the characteristics of a previously developed FWAV. The design and production processes are defined and the measurement of the thrust and lift is conducted to analyze the flying characteristics and performance.
Definition of the initial model
Some existing FWAVs are investigated from the viewpoint of a biomimetic design. The FWAVs have one pair of wings and the driving mechanism is simplified to have the flapping motion in the vertical plane. Thus, the flapping motion only moves up and down. The mass of the investigated FWAVs is distributed between 10 g and 50 g according to the components and size of the FWAV. The thrust and lift are significantly influenced by the stroke angle and flapping frequency. Three models of investigated FWAVs are selected to define the initial model as shown in Table 1 . For the birdmimicking FWAV, the design requirements are defined based on the characteristics of the investigated FWAVs as shown in Table 2 .
Definition of the design and fabrication process
The overall design and fabrication process is presented in Fig. 1 . Design requirements are defined for a successful flight. For example, various conditions such as the wing length, fuselage length and flight time are determined. The next step is to choose the components in the design of an FWAV. In the design of an FWAV, the flapping mechanism part, wings and fuselage are designed by AutoCAD software [13] . This step of the design also determines the arrangement of several electronic components such as a battery, a speed controller, a receiver and a transmitter. After the design step, each part of the FWAV is fabricated by a computerized numerical control (CNC) machine. When the individual parts are made, they are assembled. The tolerance and accuracy of the parts are checked during the assembly process. In the next step, the assembled FWAV is compared to the original design of the FWAV. The movement of flapping wing is mainly compared with the original design of the flapping mechanism. If the design of the FWAV is satisfied, a flight test is performed. Otherwise, the process goes back to the design process as illustrated in Fig. 1 . The process is repeated until the design of parts is satisfied. In the final step, the design requirements defined at the first step are checked by the flight test. The flight time and maximum frequency are mainly checked in this step. If the design requirements are not satisfied, the design is modified and the process is repeated again. If the design Volume 7 · Number 1 · 2015 Table 2 . Definition of the design requirements for the bird-mimicking FWAV requirements are satisfied, the design and fabrication processes terminate. All the FWAVs of this research are developed by the process in Fig. 1. 
Selection of the components
Appropriate components should be selected after defining the design requirements in Fig. 1 . The components, which are a motor, a receiver, a speed controller, a battery, and gears, are primarily selected from inexpensive commercially available components. To generate the necessary power, a lightweight commercial motor, which is the HP03T kv9000 brushless motor, is selected. The specifications of the brushless motor are the nominal voltage of 3.7 V, no load RPM 36000, 0.51 Nm torque and weight of 3.5 g. The motor is shown in Fig. 2 .
The relationship between the flapping frequency and the specification of motor is considered to calculate the proper gear reduction ratio. The gear reduction ratio is determined to be 20:1 because the design requirement of the flapping maximum frequency is 15 Lithium polymer batteries are commonly used in remote controlled MAVs because they are inexpensive and light. After analyzing some commercial products, the 3.7 V 130 mAh Lithium polymer battery was selected as presented in Fig. 4 . In remote controlled planes, an elevator and a rudder are used for the control of the flight direction. Likewise, an elevator and a rudder are attached for the control of the FWAV in the tail wing. Two servo motors are required for control of the tail wing. A lightweight receiver and speed controller are also required for the radio control. Therefore, an integrated component, which includes two servo motors, a receiver and a speed controller, is selected as illustrated in Fig. 5 . The Mx-0104ARX-LBL integration receiver weighs 2.9 g.
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Fabrication of the FWAV
A bird-mimicking FWAV is fabricated as illustrated Fig. 6 . It has three main parts: the driving part, the fuselage, and the wing. The driving part includes a brushless motor, a gear box and a link. As mentioned earlier, the gear reduction ratio is determined to be 20:1. The gear box is made by a combination of available plastic gears. Therefore, the motor power is transferred to the wing through the gear box. The design of the driving part and the actual fabricated driving part are illustrated in Fig. 7 . SolidWorks software [14] is utilized for the design of the FWAV. The fuselage should be light and provide a secure place for the attached components. An acrylic material is used for the fuselage to prevent damage during landing. There have been many attempts to develop efficient forms of the fuselage. AutoCAD software [13] and a CNC machine are used to precisely design and fabricate as illustrated in Fig. 8 . Consequently, the most appropriate fuselage, which protects the components from direct impact, is produced. Figure 9 presents the assembly of the fuselage.
Analysis and Fabrication of Unconventional Flapping Wing Air Vehicles
International Journal of Micro Air Vehicles The wing of the FWAV consists of the reinforcement and membrane structure. The flapping motion causes wing deformation during the flight and the deformation significantly depends on the distribution of the reinforcement. Thus, the design of the wing structure should consider the relationship between deformation and reinforcement. However, only previously developed FWAVs are referenced in the fabrication process of the wing. A 1-mm diameter carbon rod is used for the reinforcement of the wing based on some previous studies [2] . The membrane structure of the wing should be light and strong enough to endure the pressure during the flapping motion. Therefore, a 0.02 mm polyester film is used as illustrated in Fig. 10 . The leading edge is attached to the reinforcing rod by using a heat shrinkable Figure 9 . Assembly of the fuselage Figure 10 . Wing structure of the FWAV tube and instantaneous adhesives as shown in Fig. 11 . The heat shrinkable tube is connected between the leading edge and reinforcing rod and then the heat is applied to the tube. The tube is more firmly fixed by using instantaneous adhesives.
In the fabrication of the FWAV, the tail wing is adopted from the fixed wing airplane to change the flight direction. The tail wing consists of the vertical wing and the horizontal wing. The vertical wing has a rudder for control of the left and right directions in the flight, and the horizontal wing has an elevator for control of the rise and descent flights. The size and shape of the elevator and rudder are determined from flight tests. The same materials of the flapping wing are used for the tail wing. The design of the tail wing is presented in Fig. 12 . Finally, the three main parts are assembled and the birdmimicking FWAV is completed as illustrated in Fig. 6 . Table 3 shows the specifications. 
Experiments and performance analysis
Thrust and lift are simultaneously generated by the flapping motion of the bird-mimicking FWAV. An experiment to measure the thrust and lift is needed to evaluate the aerodynamic performance. The experimental setup used to measure the lift and thrust is illustrated in Fig. 13 . The lift and thrust data are acquired by a bench test rather than from wind tunnel testing or flight testing. Therefore, the measured lift and thrust are rough data. However, relative comparison of various FWAVs would be valid. The lift and thrust are measured by an electronic scale that has a resolution of 0.01 g. In Fig.  13a ), the bottom of the FWAV is fixed and the thrust is the same as the applied force on the electronic scale. The lift is measured by the principle of the lever as illustrated in Fig. 13b ). The flapping frequency is measured by a stroboscope. Therefore, the lift and thrust are obtained according to the flapping frequency. The lift and thrust are obtained by the average of the upper and lower values on the electronic scale. The measurement is performed 10 times at the each frequency to obtain more accurate data. In the measurement, the velocity of the flow is assumed to be zero. Therefore, there is no incoming flow. the thrust is relatively larger than the lift. Therefore, a large turning radius is desired to change the flight direction. In other words, the change of the flight direction is difficult in a confined space. A larger lift is needed to carry more payloads. In the present FWAV, the larger lift and thrust are generated by increasing the flapping frequency. However, a larger tuning radius is required for a change of flight direction due to the larger thrust. In this research, a larger lift while maintaining the thrust is pursued because it can carry more payloads and the flight direction is easily changed in a confined space. Therefore, the direction of the FWAV design should be made to only increase the lift.
THE UNCONVENTIONAL DESIGN OF THE FLAPPING WING AIR VEHICLE
When additional components such as a camera are attached, the weight of the FWAV is increased and more lift is desired. Many FWAVs with one pair of wings, which generate a large thrust compared to the lift, have been developed. In order to increase the lift, development of an unconventional FWAV is required from the viewpoint of a biomorphic design. This section starts with the description of the design concept of the unconventional FWAV. Three types of the unconventional FWAV are developed and the aerodynamic performances are compared by measuring the thrust and lift.
Concept of the unconventional FWAV
The main purpose of the unconventional FWAV is to achieve a large lift compared to the thrust. This design concept is originated from existing FWAV designs which are designed for the biomorphic design. The X-type wing of DelFly Micro provides stability of flight [11] . In this research, three design concepts of the unconventional FWAV are proposed by modification of the X-type wing.
The first concept is a simple monoplane with an X-type wing. The concept of the X-type wing is borrowed from the DelFly Micro as a biomorphic design. The X-type wing means that two wings are laid across each other diagonally as illustrated in Fig. 15 a) . These wings move in a counter phase. The second concept is a tandem concept. The FWAV has two pairs of X-type wings from the combined viewpoint of the biomimetic design and biomorphic design because the two pairs of wings are similar to the tandem configuration of the dragonfly's wing. The third concept is the three pairs of X-type wings FWAV. It is defined by extending the concept of the two pairs of wings. The setting angles of the horizontal wing in the tail wing are defined as illustrated in Fig. 16 . The models are fabricated by carbon rod, polyester film, acrylic material and commercially available components. In the fabrication process, components are used in the same way as in the previous section. All three models have the same wing area but the weights are different. Therefore, the thrustto-weight ratio and lift-to-weight ratio are used to compare the thrust and lift. 
One pair of X-type wings
The FWAV with one pair of X-type wings is developed based on the characteristics of the DelFly Micro [11] . The FWAV is designed from the viewpoint of the biomorphic design because the characteristics of the birds and insects are adopted for the flapping motion of the X-type wing. The sizes of the span and fuselage are set by the same value as those of the bird-mimicking FWAV to compare the aerodynamic performances. Moreover, the FWAV with one pair of X-type wings uses the same components as those of the bird-mimicking FWAV. The design requirements are defined as shown in Table 4 . Figure 15 a) presents the FWAV with one pair of X-type wings. The miniaturized wireless video camera, which includes a transmitter to collect vision images and to send them to a computer, is mounted at the front part of the FWAV. It is possible to control the FWAV using the vision image from the video camera. Figure 15 b) shows the recorded video for the successful implementation of the camera system. The total weight of the FWAV with the video camera is 27 g. The span length is 36 cm and the chord length is 12 cm. A 3.7V Lithium polymer battery is added for the power supply of the video camera. Specifications of the FWAV are shown in Table 5 .
In the flight test, the flight speed is smaller than the bird-mimicking FWAV. Therefore, the turning radius to change the flight direction is also smaller. In other words, the flight control performance is improved. The thrust and lift are measured by the experimental method of the previous section. The thrust-to-weight ratio and lift-to-weight ratio are calculated according to the flapping frequency. The results are illustrated in Fig. 17 . Similar to the results of the above flight test, the thrust-to-weight ratio is decreased and the lift-to-weight ratio is increased compared to the bird-mimicking FWAV. These results show that the FWAV with one pair of X-type wings can carry a greater payload. However, if the miniaturization of FWAV and the transportation of more payloads are required, the FWAV with one pair of X-type wings should be improved. Moreover, an FWAV with one pair of X-type wings still requires a large turning radius to change the flight direction. It is still difficult to fly in a confined space.
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Two pairs of X-type wings
From the viewpoint of the biomorphic design, the aerodynamic and flight performances of the one pair of X-type wings are investigated by the test flight and the experiment. The FWAV with one pair of Xtype wings has superior performance to the bird-mimicking FWAV. It means that an FWAV with better performance can be developed from the perspective of a biomorphic design. A combination of the biomimetic design and the biomorphic design is utilized to develop an unconventional FWAV. The Xtype wing is used as the biomorphic design and the concept of tandem configuration from a dragonfly is used as the biomimetic design. As a result, an FWAV with two pairs of X-type wings is developed. The FWAV with two pairs of X-type wings uses the same components that are used in the birdmimicking FWAV. The design requirements of the FWAV are defined as shown in Table 6 .
Analysis and Fabrication of Unconventional Flapping Wing Air Vehicles
International Journal of Micro Air Vehicles The wing area is the same as that of the other FWAVs although the length of fuselage is longer than that of the other FWAVs. The two pairs of X-type wings are controlled independently by using two brushless motors as illustrated in Fig. 18 . The upward and downward flight is controlled by the control of the flapping frequency. If the flapping frequency of the front wing is larger than that of the rear wing, the FWAV flies in the upward direction. The FWAV flies downward in the opposite case. Therefore, the role of the elevator to change the flight direction can be reduced.
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Volume 7 · Number 1 · 2015 Figure 18 . Gearbox of the FWAV with two pairs of X-type wings Figure 19 . FWAV with two pairs of X-type wings Figure 19 presents the FWAV with two pairs of X-type wings. It looks similar to the dragonfly. The span length is 48 cm and the chord length is 9 cm. The area of each wing is 215 cm 2 and the area of the total wings is 1720 cm 2 . The specifications of the FWAV with two pairs of X-type wings are shown in Table 7 .
In the flight test, the flight speed is smaller than that of the FWAV with one pair of wings and the turning radius is also smaller. The thrust-to-weight ratio and lift-to-weight ratio are calculated according to the flapping frequency as illustrated in Fig. 20 . When comparing with the FWAV with one pair of X-type wings, the lift-to-weight ratio is increased and the thrust-to-weight ratio is almost the same. This means that the FWAV with two pairs of X-type wings can carry more payloads.
Three pairs of X-type wings
In the previous section, as the number of the wings increases, a stable flight is obtained because the liftto-weight ratio is increased. However, the flight speed becomes slow and the turning radius is smaller. An FWAV with the three pairs of X-type wings is developed in order to take advantage of the increase in the number of wings. It also can be considered as a combination of the biomimetic design and biomorphic design. The size reduction of FWAV is also important for the reconnaissance in a confined space. Therefore, size reduction is added to the research goal to generate a larger lift while maintaining the thrust for the maneuverability flight. In other words, the new design pursues a larger lift-to-weight ratio while maintaining the thrust-to-weight ratio. The design requirements of the FWAV with the three pairs of X-type wings are defined as shown in Table 8 . In the fabrication process, three DC motors and a speed controller are used to reduce the weight as illustrated in Fig. 21 . The gear boxes are independently driven. The smallest components available in the market are used to reduce the weight and size as much as possible. The FWAV with three pairs of X-type wings is fabricated as illustrated in Fig. 22 . The span length is 15 cm and the chord length is 5 cm. The area of each wing is 37.5 cm 2 and that of the total wings is 450 cm 2 . The specifications are shown in Table 9 .
The flight test is conducted in an indoor environment as illustrated in Fig. 23 . First, the flight duration of 5 minutes is attained by using a battery. When one more battery is added, the flight time is increased to 10 minutes and the hovering motion for a while is obtained. Flying in a confined space is possible because the turning radius is very small.
For the four types of the developed wings, the thrust-to-weight ratio and lift-to-weight ratio are measured according to the flapping frequency as illustrated in Fig. 24 . The lift-to-weight ratio of the three pairs of X-type wings is the largest and the thrust-to-weight ratio is almost the same. Therefore, the FWAV with three pairs of X-type wings can carry the most payloads. It is a new concept of FWAV. This "bird-like air vehicle with multiple flapping wings" has been filed for a patent in Korea [15] .
CONCLUSIONS
Various abilities such as hovering flight, maneuverability flight and energy efficient flight are required for a successful reconnaissance mission of an FWAV. Many components such as the sensors, camera, actuator and battery are needed to achieve the mission. Therefore, the miniaturization and the carrying capacity of more payloads should be pursued in the design of the FWAV. The design approach can be classified as either a biomimetic or a biomorphic design. Four types of FWAVs are developed as the biomimetic and biomorphic designs. The overall work flow is presented in Fig. 25 . First, the bird-mimicking FWAV, which has one pair of wings, is fabricated as a biomimetic design. The thrust-to-weight ratio and lift-to-weight ratio are calculated according to the flapping frequency by the experiment. Three unconventional FWAVs with an X-type wing are developed to improve the lift-to-weight ratio. The three unconventional FWAVs are one pair of X-type wings FWAV, two pairs of X-type wings FWAV and three pairs of X-type wings FWAV. The one pair of X-type wings FWAV is developed as a biomorphic design. The two pairs of X-type wings FWAV and three pairs of X-type wings FWAV are developed from the combination viewpoint of a biomimetic and a biomorphic design. It is found in experiments that the lift-to-weight ratio is increased as the number of wings increases. Moreover, the small turning radius is achieved with multiple wings. The results indicate that the unconventional FWAV as a combination of biomimetic and biomorphic designs has superior performance to the bird-mimicking FWAV as a biomimetic design. Consequently, an appropriate combination of the biomimetic and biomorphic designs is recommended rather than the biomimetic design. In the future, more tests will be carried out by using different combinations of the sizes, parts, conditions and so on. 
